Aims/hypothesis Inhibition of c-jun N-terminal kinase (JNK) favours pancreatic islet function and survival. Since two JNK isoforms are present in the pancreas (JNK1 and JNK2), we addressed their specific roles in experimental islet transplantation. Methods C57BL/6J (wild-type [WT]), Jnk1 (also known as Mapk8)
recipients had diabetes reversal (0% vs 71% in WT, p=0.0003). Co-culture of WT islets with macrophages from each strain revealed a discordant cytokine production. Conclusions/interpretation We have shown a deleterious effect of JNK2 deficiency on islet graft outcome, most likely related to JNK1 activation, suggesting that specific JNK1 blockade may be superior to general JNK inhibition, particularly when administered to transplant recipients. 
Introduction
Islet cell transplantation is associated with the release of pro-inflammatory cytokines (CTKs), which play a key role in mediating the loss and functional impairment of beta cell mass via c-jun N-terminal kinase (JNK) activation, among other mechanisms [1] [2] [3] [4] [5] . Activation of JNK is usually reduced in culture, but immediately returns to high levels upon transplantation [6] . Although the pathway activated by CTKs and those activated by islet isolation may differ, JNK has been recognised as a key mediator involved in both [1] . Inhibition of JNK improves islet function and viability in experimental models of pancreatic islet transplantation [6] [7] [8] . A positive effect on recovery of islets [7, 8] , glucose responsiveness [4, 8] and susceptibility to apoptosis at baseline and after exposure to CTKs [7, [9] [10] [11] has been reported. Thus, targeting JNK may improve functional beta cell mass via several mechanisms. Three different isoforms of JNK (JNK1, 2 and 3) have been identified; JNK1 and JNK2 are widely produced, while JNK3 production is restricted to the brain [12] . In diabetes, JNK1 plays a very important role in obesity-induced insulin resistance [13] , and JNK2 contributes to insulitis in NOD mice [14] . Furthermore, JNK1/2 co-inhibition prevents effector T cell function [15] . In Jnk2 (also known as Mapk9)
−/− mice, a strong compensatory role of JNK1 has been described [16] . Thus, understanding the isoformspecific role of JNK in the context of islet isolation and transplantation may shed light on the mechanisms linking JNK to islet function and viability, and may allow for the development of novel therapeutic strategies for the preservation of beta cell mass and function after transplantation.
In the current study, we investigated the specific role of JNK1 and JNK2 isoforms in islet function and survival in vitro and in vivo. We have used Jnk1 (also known as Mapk8)
− In the animals achieving normoglycaemia after transplantation, the graft-bearing kidney was removed under general anaesthesia in order to confirm that normoglycaemia was not a consequence of residual function of the native islets. For baseline intraperitoneal glucose tolerance tests (IPGTTs), an i.p. glucose bolus (2 g/kg) was administered after overnight fasting, and glycaemia was measured at baseline and over a 20 min period. Human islets from multiorgan deceased donors with research consent were used for selected in vitro experiments [18, 19] .
CTK analysis Islet-specific CTK production was tested both at baseline and after stimulation with a cocktail of exogenous CTKs for 18 h (IL-1β 50 U/ml, TNF-α 1,000 U/ml and INF-γ 1,000 U/ml; R&D Systems, Minneapolis, MN, USA). Briefly, cell supernatant fractions were collected, normalised for islet protein content, and CTK production analysed by Luminex technology (Bio-Rad, Hercules, CA, USA), these CTKs being IL-1β, INF-γ, TNF-α, monocyte chemoattractant protein 1 (MCP-1), RANTES (regulated upon activation normal T-expressed and secreted cytokine), macrophage inflammatory protein (MIP)-1α, MIP-1β, IL-6, IL-10 and vascular endothelial growth factor (VEGF). For experiments where islets received treatment with CTKs, data were expressed as percentage of untreated samples. Parallel experiments were performed in human islets treated after isolation with either TAT peptide alone or with the L-isoform of a TAT peptide inhibitor of JNK (L-JNKI, 10 μmol/l; BioSynthesis, Lewisville, TX, USA) and exposed for 18 h to CTKs as previously described [7] .
Islet composition and cell viability assessment Analysis of cellular composition was performed by immunofluorescence and quantified by laser scanning cytometry (LSC) as previously described [20] . Islet cell function Dynamic glucose-stimulated insulin release (GSIR) was tested as previously described [22] . Briefly, 100 IEQs per condition were loaded on microcolumns connected to an inflow and an outflow port of a customised perifusion system (BioRep Technologies, Miami, FL, USA). Media of defined composition (3 mmol/l glucose, 11 mmol/l glucose or 25 mmol/l KCl) were circulated at a rate of 100 μl/min, and samples collected every minute for the determination of insulin content by ELISA (Mercodia, Uppsala, Sweden).
Characterisation of total and phosphorylated JNK and c-jun in WT, Jnk1 −/− and Jnk2 −/− islets Islets were collected in lysis buffer for the analysis of phosphorylated and total JNK and c-jun by western blot and Luminex technology (Bio-Plex), a fluorescence-based quantitative analysis of protein concentration. For the analysis of the abundance of the JNK1 and JNK2 isoforms, 35 μg of islet cell lysates was loaded onto each well of an SDS-PAGE gel (Bio-Rad), separated by electrophoresis and transferred onto a nitrocellulose membrane (Amersham Bioscience, Germany). The membrane was blocked in 5% (vol./vol.) non-fat milk (Carnation) in TRIS-buffered saline containing 0.1% (vol./vol.) Tween-20 for 1 h and then incubated with anti-JNK antibody (Cell Signaling, Danvers, MA, USA) at 4°C overnight followed by a horseradish peroxidase-conjugated goat anti-mouse (1:1,000 dilution; Pierce, Rockford, IL, USA) for 60 min at room temperature. Data obtained with Bio-Plex were validated in prior studies by western blotting and activity assay (Cell Signaling) [23] .
Macrophages/islet co-culture and CTK production Repeated peritoneal washes were performed in mice using RPMI-1640. Pooled mixtures were centrifuged and resuspended in NH 4 Cl (Stem-Cell Technologies, Vancouver, Canada) allowing for erythrocyte lysis. After two washes in RPMI with 5% (vol./vol.) FBS, 2×10 6 macrophages (MØs)/well were plated into 24 well plates. After 4 h incubation at 37°C, adherent MØs were stimulated with 20 mg/ml (100 U/ml) lipopolysaccharide (Sigma), and 100 U/ml recombinant murine IFN-γ (R&D Systems) and incubated for 18-72 h in the presence or absence of WT islets (100 IEQs/well). Supernatant fractions were collected at 48 h and assayed for CTKs as described above.
Data analysis
Results represent the mean of between four and eight independent experiments. Results are expressed as bar graphs with means and SDs. When one-way ANOVA showed statistical significance, results were compared using a t test after Tukey's correction for multiple comparisons (GraphPad-Prism software). Statistical significance was set at p<0.05. For in vivo experiments, between six and eight recipients per group were used, and all data from WT recipients of WT islets were pooled and used as control. Time to diabetes reversal was assessed using Kaplan-Meier survival curves and the log-rank test. Proportions were compared using χ 2 tests.
Results

Jnk1
−/− islets have a better function than WT islets in vitro We first analysed the in vitro function of WT islets treated with a L-JNKI as previously reported [23] , and found enhanced GSIR in L-JNKI-treated islets when compared with islets treated with TAT peptide (Fig. 1a,c) .
In order to understand if such a beneficial effect was related to blockade of JNK1 or JNK2, we used Jnk1 −/− or Jnk2
islets, and found a higher insulin secretion in Jnk1 −/− islets compared with WT (Fig. 1b, 
−/− islets are resistant to CTK-induced cell death Because beta cell viability is a major determinant of islet cell function and graft survival [20] , and JNK is a major determinant of islet viability [2, 7, 8, 23] , we investigated if Jnk1 −/− islets were more resistant to CTKs. We used a cocktail of CTKs that are important in leucocyte-mediated beta cell injury [24, 25] and that compromise islet cell viability at least partially via JNK [7, 11] . Viability at baseline was similar in all experimental groups. A ∾40% reduction in islet cell viability was observed after CTK exposure in both WT and Jnk2 −/− islets, while Jnk1 −/− islets appeared significantly protected (Fig. 2 ).
Jnk2
−/− islets have higher ability to phosphorylate JNK and c-jun when compared with WT and Jnk1 −/− Since the ability of JNK1 to compensate for lack of JNK2 and vice versa has been described in peripheral tissues and lymphocytes, we tested if such compensation would occur in islets. We first determined the amount and the isoforms of JNK produced by either group (Fig. 3a) . JNK1 was prevalent in WT islets. Lack of JNK1 resulted in a significant reduction of total JNK being produced by islets, while a compensatory increase in JNK1 was observed in Jnk2 −/− (Fig. 3a) . Despite a similar degree of total JNK produced by Jnk2 −/− and WT islets, Jnk2 −/− islets were characterised by a higher degree of JNK (Fig. 3b ) and c-jun ( islets were significantly protected from an increase in MCP-1 production (Fig. 4a) . Treatment with L-JNKI in parallel experiments in human islets reduced MCP-1 production both at baseline and after CTK stimulation (Fig. 4b) .
Increased VEGF production by Jnk1 −/− islets is associated with their higher viability VEGF production at baseline was equal amongst experimental groups (86.5±24. 
MCP-1 after CTK exposure and Jnk2 −/− islet cells were evaluated both at baseline (controls) and after CTK stimulation. Shown is a bar graph of the mean and SDs of four independent experiments. *p<0.05, **p<0.01 respectively). However, CTK treatment resulted in decreased VEGF production in both WT and Jnk2 −/− islets, but not in Jnk1 −/− islets (Fig. 4c) . When a general JNK inhibitor was applied to human islets, however, L-JNKI resulted in an improvement of VEGF release both at baseline and after CTK exposure (Fig. 4d) . Given the preserved viability and VEGF production in CTK-treated Jnk1 −/− islets, we repeated viability experiments in Jnk1 −/− islets in the presence of a VEGF-neutralising antibody, and we found that abrogation of VEGF action in Jnk1 −/− islets restores their susceptibility to CTK-induced cell death (Fig. 5) . Administration of a VEGF-neutralising antibody to CTK-treated WT islets did not further compromise cell death (data not shown).
Jnk1
−/− islets do not retain a survival advantage after transplantation When islets from either WT, Jnk1 −/− or Jnk2 −/− mice were transplanted into WT diabetic mice, no significant differences in graft performance (namely, percentage of mice achieving euglycaemia over time) was observed amongst groups (Fig. 6a,b) . All animals reverted to diabetes after surgical nephrectomy of the graft-bearing kidney.
JNK1 deficiency in diabetic recipients of WT islets is beneficial for graft performance, while JNK2 deficiency is deleterious When WT islets were transplanted into diabetic WT, Jnk1 −/− or Jnk2 −/− recipients, median time to diabetes reversal was different between WT and Jnk1 −/− mice (17 vs 55 days, p=0.033, Fig. 6c ). On the contrary, the proportion of Jnk2 −/− mice with diabetes reversal after transplantation was significantly lower than in WT mice (0% vs 71%, p=0.0003, Fig. 6d ). All animals become equally hyperglycaemic after nephrectomy of the graft-bearing kidney.
Haematoxylin and eosin staining of the marginal mass graft showed a preserved islet anatomy in WT and Jnk1 −/− recipients (Fig. 7a,b) , while the architecture of islets transplanted into Jnk2 −/− recipients was totally disrupted (Fig. 7c ) and insulin staining was undetectable (data not shown).
CTK production by WT islets co-cultured with WT, Jnk1 and IL-6 production when compared with WT islets cocultured with WT MØs (Fig. 8) . Interestingly, TNF-α production was discordant when Jnk1 −/− and Jnk2 −/− MØs where co-cultured with WT islets.
Discussion
Several beneficial effects of JNK inhibitors on pancreatic islets have been reported [6, 7] . Although a redundant function of JNK1 and JNK2 has been described [12] , certain functions, such as TNF-α-induced apoptosis, operate via JNK1 only [26] . In the present study, we show that JNK1 gene knock-out is more beneficial than JNK2 gene knock-out on islet cell function and survival in vitro. Furthermore, Jnk1 −/− mouse recipients of WT islets had faster diabetes reversal than WT, while all Jnk2 −/− recipients remained diabetic and were characterised by a strong JNK activation through compensatory mechanisms. Our data suggest an important role of JNK1 on pancreatic islet graft outcome. The major strength of our findings is that we provide a first analysis of the role of different JNK isoforms in islets function and viability. Major weaknesses are the inability to identify a specific mechanism responsible for the in vivo loss of in vitro benefits, the use of only syngeneic models of transplantation, and the limited therapeutic usefulness of our findings due to high sequence and structure similarities between different isoforms [12, 27] . An additional limitation is the use of JNK isoform knock-out animal models, where known compensatory effects occur [16, 28] . JNK inhibition ameliorates islet cell function in vitro [2, 29] . We found that treatment with a general JNK inhibitor as well as JNK1 deficiency led to a significant increase of insulin release in the first phase of insulin secretion (Fig. 1a,b) without affecting cellular composition (Table 1) . Interestingly, when evaluating glucose responsiveness in vivo during IPGTTs, no significant difference in glucose clearance was observed between Jnk1 −/− , Jnk2 −/− and WT mice. Thus, the in vitro functional benefit of Jnk1 −/− islets was not reflected by a better glucose responsiveness in vivo, suggesting that systemic pathways regulated by JNK may overcome the local islet-specific effects. Islet graft function after transplantation is strongly affected by the exposure to inflammatory mediators at the implantation site. Thus, we proceeded to investigate if Jnk1 −/− or Jnk2 −/− islets were more resistant to the effect of CTK on cell viability when compared with WT islets. We found a complete resistance of Jnk1 −/− islets to the effect of CTKs, while both WT and Jnk2 −/− islets viability was reduced to 60% of that of control untreated cells (Fig. 2) . This result is in contrast to a recent report suggesting that cell death is comparable between WT and Jnk1 −/− islets exposed to CTKs, where both samples were associated with a sevenfold increase in the rate of cell death [10] . It is conceivable that a milder noxious stimulus than the one we have used (IL-1β at 14. suggest an opposite function of JNK1 and JNK2 in islets cells, the evidence that Jnk2 −/− islets are characterised by a strong overcompensation by JNK1 may have masked the beneficial effect of lack of JNK2 and be responsible for the similar behaviours observed in vitro in WT and Jnk2 −/− islets (Fig. 3) . Since CTKs released by islets may also negatively affect graft outcome [30, 31] , we investigated the CTK concentration in culture supernatant fractions from WT, Jnk1 −/− and Jnk2 −/− islets. Both Jnk1 −/− and Jnk2
islets produced less MCP-1 than WT, and MCP-1 blockade facilitates survival of islet allografts [32] . The levels of MCP-1 production remained lower in Jnk1 −/− and Jnk2
−/− than in WT islets even after exposure to CTKs (Fig. 4a) , similar to what we observed in human islets treated with L-JNKI (Fig. 4b) . Our findings are consistent with prior reports on rat vascular smooth muscle cells, where JNK inhibition prevented TNF-α-induced upregulation of MCP-1 [33] . The fact that both Jnk1 −/− and Jnk2 −/− islets prevented CTK-mediated MCP-1 upregulation, while only Jnk1 −/− islets were resistant to the negative effect of exogenous CTK on viability, suggests that MCP-1 per se did not contribute to islet susceptibility to cell death in our model. Among other CTKs, VEGF production by islet cells was compromised in WT and Jnk2 −/− but not in Jnk1 (Fig. 4c) . This was an interesting finding, because VEGF has been associated with increased functional beta cell mass [34] . Since VEGF has been directly implicated in cell survival [35, 36] , we investigated if VEGF blockade could reverse the resistance of Jnk1 −/− islets to CTKinduced cell death. We were able to demonstrate that treatment of Jnk1 −/− islets with a VEGF-neutralising antibody was able to restore Jnk1 −/− susceptibility to cell death (Fig. 5) . To the best of our knowledge, this is the first evidence that VEGF may have a direct effect on islet cell viability. The observed functional and survival benefit of Jnk1 −/− islets over WT or Jnk2 −/− islets would suggest a potential advantages for in vivo application in the transplantation setting. To our surprise, we did not detect any difference in the performance of syngeneic marginal islet mass grafts when WT, Jnk1 −/− or Jnk2 −/− islets were transplanted into diabetic WT recipients (Fig. 6a,b) . Thus, the early events in the graft microenvironment probably overcome the observed in vitro benefit of islet-specific JNK deficiency. In agreement with this hypothesis is our previous observation that L-JNKI can significantly protect human islets in vitro but that improved performance in vivo after transplantation is measurable only when diabetic recipients are treated as well [7] . In addition, recent data using an intrahepatic rodent model of syngeneic islet transplantation point to the important role for JNK inhibition in the immediate posttransplantation period [6] . In order to investigate the specific role of JNK1 and JNK2 in the modulation of the local inflammatory response at the site of islet transplantation, we performed experiments where WT islets obtained from the same isolation procedure were transplanted into diabetic WT, Jnk1 −/− or Jnk2 −/− recipients. Our data indicate that lack of JNK1 in the recipient microenvironment results in improved graft performance (measured as a faster time to diabetes reversal, Fig. 6c ). Inversely, lack of JNK2 in the recipient's microenvironment resulted in a complete inability to revert diabetes (Fig. 6d) . Analysis of the graft at killing, i.e. 90 days after transplantation, failed to reveal a highly significant inflammatory infiltrate, although the islets architecture was totally disrupted when transplanted into Jnk2 −/− recipients and insulin was not any longer detectable (Fig. 7) . It is possible that the activation of JNK observed in the kidney cortex of Jnk2 −/− mice (similar to what we showed for islets in Fig. 3 ) is responsible for the worse outcome, suggesting the importance of local environmental factors. Alternatively JNK2 is an important mediator of autoimmune-mediated islet injury [14] , but may have a different role in the modulation of early local inflammatory responses occurring in syngeneic transplantation. Finally, it is possible that a similar compensatory mechanism occurred in Jnk2 −/− MØs, which could explain way the production of TNF-α was higher in Jnk2 −/− MØs and lower in Jnk1 −/− MØs when compared with WT ( Fig. 8) , although it has been suggested that Jnk2 −/− MØs are unable to phosphorylate c-jun [37] . Our data are consistent with a recent report suggesting that JNK1 signalling may play an essential role in MØ-induced beta cell death when a multiple low-dose STZ model of pancreatic injury is used [10] . In this report, Jnk1 −/− mice were characterised by a strikingly reduced production of TNF-α by MØs. Although JNK2 is an important mediator of autoimmune-mediated islet injury [14] , it may have a different role in the modulation of early local inflammatory responses occurring in syngeneic transplantation. In order to investigate the specific role of recipient MØs on graft function in our model, we elected to study how the coculture of WT islets with activated WT, Jnk1 −/− or Jnk2 MØs when compared with WT MØs (Fig. 8) . Interestingly, while WT islets incubated with Jnk1 −/− MØs resulted in reduced TNF-α production, the opposite was observed for Jnk2 −/− MØs. Our observations, together with a recent report in human prostate cancer cells showing that JNK1 but not JNK2 is the mediator of TNF-induced reactive oxygen species generation [38] , strongly support a specific role of JNK1 in the regulation of TNF-α production. Future studies are warranted to investigate the specific role of JNK1 and JNK2 in allogeneic models of islet transplantation. In summary, we have provided evidence that lack of JNK1 in murine islets results in improved function and cell viability. The improved viability of Jnk1 −/− islet in vitro was at least partially explained by a preserved VEGF production after CTK exposure. Such in vitro advantage was no longer evident in syngeneic transplantation models. However, Jnk1 −/− recipients of WT islets displayed an improved graft performance when compared with WT. On the contrary, none of the Jnk2 −/− recipients of WT islets reverted diabetes, probably through a compensatory overactivation of JNK1. Collectively, our data suggest that JNK1 and JNK2 may affect islet cell grafts in a very different manner, and that selective targeting of JNK1 in islet transplant recipients may represent a viable strategy to improve graft outcome.
